A detailed analysis of the structure of a double dryline observed over the Oklahoma panhandle during the first International H 2 O Project (IHOP_2002) convective initiation (CI) mission on 22 May 2002 is presented. A unique and unprecedented set of high temporal and spatial resolution measurements of water vapor mixing ratio, wind, and boundary layer structure parameters were acquired using the National Aeronautics and Space Administration (NASA) scanning Raman lidar (SRL), the Goddard Lidar Observatory for Winds (GLOW), and the Holographic Airborne Rotating Lidar Instrument Experiment (HARLIE), respectively. These measurements are combined with the vertical velocity measurements derived from the National Center for Atmospheric Research (NCAR) Multiple Antenna Profiler Radar (MAPR) and radar structure function from the high-resolution University of Massachusetts frequencymodulated continuous-wave (FMCW) radar to reveal the evolution and structure of the late afternoon double-dryline boundary layer. The eastern dryline advanced and then retreated over the Homestead profiling site in the Oklahoma panhandle, providing conditions ripe for a detailed observation of the small-scale variability within the boundary layer and the dryline. In situ aircraft data, dropsonde and radiosonde data, along with NCAR S-band dual-polarization Doppler radar (S-Pol) measurements, are also used to provide the larger-scale picture of the double-dryline environment.
Introduction
The dryline develops in the Great Plains of the United States and is sometimes called a "dewpoint front" or "dry front." It is a boundary between warm, moist air that originated from the Gulf of Mexico and hot, dry air from the Mexican Plateau and southwest desert. It is a favored zone for initiation of severe weather (Rhea 1966; Ziegler and Rasmussen 1998) . Across dryline moisture differences, dryline characteristics and motion, potential for convection, and vertical mixing have been reported [see Parsons et al. (2000) and Ziegler and Rasmussen (1998) for references and extended discussions]. These studies have shown that the mere presence of a dryline does not guarantee the occurrence of deep convection, although cumulus and cumulus congestus clouds are frequently observed near the dryline. Even though there are still outstanding questions on how and when storms are initiated along the dryline (Parsons et al. 2000; Ziegler and Hane 1993; Schaefer 1986; Ziegler et al. 1997) , preferred locations for convective initiation (CI) have been shown to be related to regions of enhanced updrafts associated with intersecting boundaries and horizontal rolls (Atkins et al. 1998) , misocyclones (Kingsmill 1995) , mesoscale low pressure areas (Bluestein and Parker 1993) , gravity waves (Koch and McCarthy 1982) , and "bulges" in the convergence boundary . In addition, the quantification of the small-scale variability of boundary layer variables such as moisture, wind, and temperature are important to understanding CI (Weckwerth et al. 1996; Crook 1996; Weckwerth 2000) . This paper focuses on the evolution and variability of the convective-scale moisture and wind in the boundary layer during a dryline event that occurred on 22 May 2002 in the framework of the International H 2 O Project (IHOP_2002). Weckwerth et al. (2004) provide a full discussion of the observational network, measurement strategy, and instruments deployed during IHOP_2002. No significant convection occurred in the area of the intensive observation (the Oklahoma panhandle), but deep convection occurred farther north. A detailed analysis of the evolution of the structure of a double dryline observed over the Oklahoma panhandle and thermodynamic variability of the convective boundary layer (CBL) is presented using observations made at the so-called Homestead profiling site located in the Oklahoma Panhandle. Of primary importance for the discussion in this paper are data from (i) the National Center for Atmospheric Research's (NCAR) Integrated Sounding System (ISS), which consisted of a standard surface meteorology station, a sodar, a radiosonde station, and a UHF wind profiler [the Multiple Antenna Profiler Radar (MAPR; Parsons et al. 1994) ]; (ii) three National Aeronautics and Space Administration (NASA) Goddard Space Flight Center (GSFC) ground-based lidars for remote sensing of water vapor, aerosol backscatter, and wind profiles; (iii) the University of Massachusetts frequency-modulated continuouswave (FMCW) radar (Ince et al. 2003) ; (iv) the University of Wisconsin Atmospheric Emitted Radiance Interferometer (AERI; Feltz et al. 2003) ; and other standard meteorological instruments at the Homestead profiling site. In particular, the focus here is on the three GSFC lidars: the scanning Raman lidar (SRL; Whiteman 2003a,b) , the Goddard Lidar Observatory for Winds (GLOW; Gentry et al. 2000) , and the Holographic Airborne Rotating Lidar Instrument Experiment (HARLIE; Schwemmer 1998) . Aircraft in situ, dropsonde, and radiosonde data, along with NCAR Sband dual-polarization Doppler radar (S-Pol) measurements, are also used to provide the larger-scale picture of the double-dryline environment.
The analysis in this work is unique in that it combines simultaneous lidar-based measurements of wind, moisture, and CBL structure with measurements from aircraft, radar, and profiles of infrared moisture and temperature and other standard data to study thermodynamic variability in and around clear-air updrafts during a dryline passage event. To our knowledge, this case represents one of a very few (if not the only) advancing and retrograding dryline cases observed using multilidar, multiradar, and multiaircraft instrumentation in addition to the many other standard instrumentation such as the Oklahoma Mesonet stations.
In section 2, a brief description of the large-scale environmental conditions is presented using satellite, radiosonde, radar, and aircraft data. In section 3, data collected by the Homestead-based instruments on 22 May 2002 are presented. Analysis and synthesis of the data are presented in section 4. A summary as well as conclusions is presented in section 5.
Data and analysis: The large-scale environment

a. Satellite data
Satellite, upper-air soundings, and surface analyses for this day (not shown) indicated that a major upperlevel trough was approaching the northern high plains with strong south-southwesterly flow ahead of the system. At the same time, the southern plains were under a moist southerly flow and a stratocumulus layer was visible over most of eastern Oklahoma and east of a dryline, oriented roughly north-south and extending from the Texas panhandle into western Kansas. This dryline can be identified as a fine line on the radar
composite (Fig. 1) . The presence of a second radar fine line intersecting the main fine line just north of Homestead is also seen on the radar composite. Much of the area southwest of the Oklahoma and Texas panhandles was under the influence of a dry and hot air mass that traveled over Arizona and New Mexico. By about 2100 UTC [hereafter all times UTC; UTC ϭ central daylight time (CDT) ϩ 5 h], Geostationary Operational Environmental Satellite (GOES) visible imagery revealed a wedge-shaped area of cumulus (Cu) clouds oriented roughly NNE-SSW that extended from the Texas panhandle to the Oklahoma-Kansas border ( Fig. 1) and delimited by the location of the two radar fine lines, further referred to as D1 and D2, D1 being the eastern dryline. The wedge-shaped region appeared almost stationary and was visible in GOES images until about 0030, although S-Pol and Homestead-based instruments revealed that it did advance and then retreat over Homestead as will be shown later. GOES images also showed that convection was triggered in northern Kansas. Much of the IHOP_2002 aircraft and mobile ground instrumentation discussed in this paper was made well south of the area of convection-in the vicinity of the S-Pol and Homestead.
FIG. 1. GOES satellite image of most of the IHOP_2002 domain on 2332 UTC 22 May 2002 overlaid with radar reflectivity and aircraft (P-3) in situ measurements of dewpoint temperature and in situ aircraft wind observations. An expanded view of the GOES image showing surface observations and locations of the profiling site (Homestead), S-Pol radar (square), NSSL and NCAR sonde release points, aircraft flight paths (solid line for NRL P-3 and dotted for UWKA flight legs), Learjet dropsonde locations (circles), and the ARM Cloud and Radiation Testbed (CART) site [southern Great Plains (SGP)] is also shown. Note the "wedge"-shaped region of cumulus clouds (R1) was bounded by radar fine lines (D2 to the west and D1 to the east) that start south of Amarillo, TX, and extend north across the profiling site into Kansas to the base of the convection. These fine lines were also the approximate locations of the drylines (white dashed curves). Region 2 (R2) is the air mass east of the main dryline.
b. NCAR S-Pol radar data
In this study, the NCAR S-Pol radar data are presented to show the advancing and then retreating dryline over the Oklahoma panhandle and to assess the relative location of Homestead vis-a-vis the larger-scale picture of the double-dryline environment. S-Polderived reflectivity, refractivity, and 5-min refractivity changes are used. A description of the S-Pol data products available during IHOP_2002 and on this day is given in Weckwerth et al. (2005) . Refractivity data (see Fabry 2004) were retrieved whenever 0°elevation surveillance scans were made by S-Pol, typically every 5 min. Figure 2 shows a sequence of near-surface reflectivity, refractivity, and 5-min refractivity changes between 2100 and 0000 as well as a time series of S-Pol-derived refractivity at Homestead. For comparison purposes, and to show that the refractivity changes were not only limited to near-surface changes, the refractivity calculated from surface measurements as well as SRL and AERI (discussed later) data at an altitude 500 m above Homestead is given. A more thorough IHOP_2002 refractivity intercomparison can be found in Weckwerth et al. (2005) .
The reflectivity field (Fig. 2) revealed that the two radar fine lines became more distinct with time and that the stronger echo was associated with the eastern boundary (D1). A movie of the complete 5-min data for this day revealed that the fine lines moved east far enough for the eastern boundary (D1) to advance past Homestead and retreat back over Homestead again. The western convergence line (D2) did not cross over Homestead but most of the well-mixed region (R1) was sampled by the Homestead instrumentation.
The time sequence plots of S-Pol refractivity show the cool moist air mass of higher refractivity (blue area, labeled R2 in the 0000 reflectivity image in Fig. 2 ) being pushed east and replaced by a SSW-NNE wedgeshaped area of warm/dry air from the southwest (green area, labeled R1) before moving back west again over Homestead, consistent with the surface wind direction (indicated by arrows). Figure 2 (bottom) shows that Homestead was under hot/dry air within R1 between about 2140 and 2230. Note that, using an average surface wind speed of 14-15 m s Ϫ1 (and assuming that the dryline did not stall long east of Homestead before retrograding), the time spanning the two overpasses of the eastern dryline during its advance and retreat (50 min) corresponds to a 42-45-km-wide dry/warm-air incursion-about twice the 20-km distance between the edges of the cumulus field (Fig. 1) at the latitude of Homestead. This confirms that the Homestead profilers have sampled most (if not all) of the region under the wedge-shaped cumulus clouds (R1). The associated 5-min refractivity changes, while revealing the existence of dry and moist areas (blue and red regions, respectively) of width ranging between 2 and 10 km along the boundaries, show a more homogenous region of low-level refractivity change (indicated by two lines shown at 0000) corresponding to the well-mixed air mass in the wedge-shaped area.
Another interesting feature in the S-Pol reflectivity image at 0000 (Fig. 2 , top, and also seen in Fig. 1 east of Homestead) is the enhanced echo return about 20-25 km east of the eastern dryline (D1) and labeled R3. This region of increased refractivity was associated with a wind convergence zone (discussed in section 4).
c. Time series data at Homestead
Surface observations of temperature, wind, water vapor mixing ratio, and precipitable water vapor at Homestead between 1500 on 22 May and 0600 on 23 May 2002 are plotted in Fig. 3 . Approximate locations of D1, R1, and R2 (from Fig. 2 ) are also indicated. Surface wind direction varied between southwesterly and south-southeasterly during the entire day, typical of dryline passages (Schaefer 1974) . Wind speeds were between 13 and 15 m s Ϫ1 on average with values as low as 10 m s Ϫ1 at 1200 (not shown), just prior to the start of a steady increase in precipitable water vapor (PWV) amounts. Dewpoint temperatures around 1900 were approximately 10°C at Homestead, dropping to Ϫ5°C in Guymon, Oklahoma, about 30 miles to the west. Superimposed in the diurnal temperature and humidity trends for the day are two dry regions centered about 1700 and 2200 UTC. Mixing ratio values were 9-10 g kg Ϫ1 between 1200 and 2400, except around 1700 and 2200 when mixing ratio values decreased to about 8 and 7 g kg Ϫ1 , respectively. Since most of the lidar profilers at Homestead became operational after 1700, we limit our discussion to measurements acquired during the later period.
The surface measurements between 2130 and 2230 exhibited several oscillations of moisture, temperature, and wind direction (ϳ5-9 min wide). At an average wind speed of 15 m s
Ϫ1
, the time-space conversion suggests the existence of features of width between 4 and 8 km, populating this region. Note that comparable scales were also noted in the refractivity change plots, contributed mainly through the moisture (wet) term, in S-Pol refractivity measurements discussed above.
d. Sounding data
Several sounding units operated on this day. A Learjet dropped eight dropsonde packages along a line FIG. 2. (top) Time sequence (2101, 2200, 2300, 0000 UTC) of reflectivity, near-surface refractivity, 5-min surface refractivity change obtained by the NCAR S-Pol radar, and surface wind collected over the IHOP_2002 profiling site. The range rings for the reflectivity and refractivity are shown at 20, 40, and 60 km, and only the 20-km ring is shown in the 5-min refractivity change panel. (bottom) Time series of refractivity at Homestead derived from surface observation (thin), from SRL and AERI measurements at 0.5 km (dash), and from S-Pol (with errors, at 2.5-km resolution) are plotted. Location of the IHOP_2002 profiling site (black dot near the 20-km ring) and the dryline convergence zones (D1, D2), as well as regions of different air mass that were sampled at Homestead (R1, R2, R3), are indicated.
starting from just east of Homestead and ending in the vicinity of the Atmospheric Radiation Measurement (ARM) Program central facility in Lamont, Oklahoma (see Fig. 1 ). Mobile sounding units from NCAR and the National Severe Storms Laboratory (NSSL) also released sondes from and around Homestead. Figure 4 shows an east-west cross-section plot made from ground-based radiosondes (first three sondes in the figure made at 2230, 2132, and 2150) and dropsondes released from the Learjet (marked as 1Le-8Le) between 2130 and 2239. Note that since the contours are constructed from data that span about 1 h, "shorter term" waves and changes introduced by boundary layer (BL) evolution occurring within the time duration are excluded.
The figure shows vigorous vertical mixing of moisture to about 3.5 km above mean sea level (MSL) over Homestead, coincident with the observation of cumulus clouds. Dropsondes released farther east (4Le-8Le) showed increased water vapor mixing ratio at lower levels (below about 2 km MSL) leading to a sharper contrast with the overlying dry air mass. Compared to the air west of Homestead, the low-level moisture was substantial. For example, at 890 m MSL (surface elevation) around 2235 UTC, the mixing ratio increased from less than 4 g kg Ϫ1 at locations ϳ20 km west of
Homestead to more than 9 g kg Ϫ1 ϳ28 km east of
Homestead. The region west of Homestead was characterized by a very dry BL, with zero convective available potential energy [CAPE; calculated from a mobile NSSL sounding launched west of S-Pol at 2235; see Doswell and Rasmussen (1994) for extended discussions of CAPE], as well as low surface dewpoint temperatures that decreased rapidly with altitude. In the region just east of Homestead, the air mass was characterized by relatively larger CAPE (1281 and 1668 J kg Ϫ1 for soundings made from Homestead at 2150 and 0140, respectively), low convective inhibition (CIN; Ϫ214 and Ϫ2 J kg
Ϫ1
, respectively, for the previously mentioned soundings), as well as higher surface dewpoint temperatures and an abrupt drying of the air above. Analysis of regional surface observations for the day, not shown here, revealed that the higher CAPE values were located approximately along the location of the wedge-shaped cloud region adjacent to the main dryline, D1, in Fig. 1 .
e. Supporting aircraft observations
1) IN SITU MOISTURE AND VERTICAL VELOCITY
DATA
The University of Wyoming King Air (UWKA) research aircraft and the Naval Research Laboratory P-3 aircraft (NRL P-3) were operational around Homestead for the 22 May 2002 CI mission. Presenting a full-scale analysis of the data from the aircraft is beyond the scope of this study. However, selected legs and data in support of the Homestead profiler data are presented here. Figure 5 shows the time series of in situ water vapor mixing ratio and vertical velocity acquired by the UWKA at 1.6 km MSL between 2333 and 2339. The flight leg was oriented NNW to SSE, and located slightly north of Homestead (see Fig. 1 ). Three distinct regions with different water vapor mixing ratio characteristics are evident: 8-9 g kg Ϫ1 in the southeast section of the leg (corresponding to R2), 6 g kg Ϫ1 in the region corresponding to R1, and 4 g kg Ϫ1 in the northwest section of the leg, corresponding to a region west of D2. The two "jumps" in the mixing ratio structure (about 16-18 km apart) are associated with the two drylines FIG. 3 . Surface-based measurements of temperature, refractive index (N), water vapor mixing ratio, precipitable water vapor, wind speed, and direction on 22 May 2002 at the IHOP_2002 profiling site. An expanded view of the temperature and mixing ratio data between 2100 and 0000 on 22 May is also shown. The dry/warm airmass intrusion (R1) associated with southwesterly winds and its subsequent replacement by moist, cool, and a more easterly wind regime (R2) are indicated. Note that the temperature scale is reversed for the expanded view.
discussed earlier. The water vapor mixing ratio change in the western transition, associated with the faint radar reflectivity fine line in Fig. 2 , was about 2 g kg Ϫ1 while the change associated with the stronger reflectivity fine line was 3 g kg
Ϫ1
. The area west (ϳ6 km or flight of 1 min) of the eastern dryline was warmer by about 1°C (not shown), with respect to region R2, and was characterized by an average vertical velocity of 1.6 m s Ϫ1 . The average vertical velocity associated with the western dryline was near zero on average with a magnitude decreasing from west to east across the boundary. These different dryline characteristics have important implications on the mesoscale lifting of moisture and subsequent advection to the east impacting the maintenance, motion, and structure of the dryline and its diurnal evolution (see Ziegler and Hane 1993) . Figure 5 shows that the vertical velocity extremes in the moist part of the leg were less intense in magnitude than in the drier side. The findings for this leg were representative of the entire set of UWKA flight legs on this day (not shown here). In addition, the larger-scale updrafts and downdrafts (shown by a heavy smoothed line, about 4-5 km wide) were composed of several small-scale perturbations (1 km or less). The larger scales were identified in the FMCW and SRL data, as discussed later. The vertical velocities varied between Ϫ3.0 and 3.0 m s
, with an average value of Ϫ0.5 m s Ϫ1 for the entire leg. Note that the UWKA vertical velocity measurements are believed to be accurate to at least 0.5 m s Ϫ1 for instantaneous measurements and to at least 0.25 m s
, possibly to 0.1 m s Ϫ1 , for long-track averages (Geerts and Miao 2005) . These vertical velocity values are similar to those observed by the MAPR. Weiss et al. (2006) also found that the UWKA-derived maximum updraft speeds in the eastern dryline (D1), averaged over a distance of about 500 m, were about 3 m s
. Moreover, they show that both ground-based and airborne Doppler radar data within the same dryline plume, averaged over the same width, also peak between 3 and 4 m s
. However, at finer scales (reso- FIG. 4 . A cross section of water vapor mixing ratio (solid lines) and potential temperature (dashed lines) from ground-(Homestead, and mobile groups by NCAR and NSSL; first three sonde locations) and aircraft-(Learjet) released dropsondes (release points are denoted by "Le") across (W-E) the dryline. See Fig. 1 for the locations of the sondes. Location of the UWKA leg at 1.6 km (discussed below), approximate dryline location (between Homestead and 1 Le indicated at bottom), regions R1 and R2, and lidar-derived cloud base are also shown. The distance between the sonde release points is given at the bottom axis, and the topography is indicated by the shading at the bottom of each wind barb plot. The NCAR S-Pol radar was located 18 km west of Homestead.
lutions between 10 and 100 m), the updraft vertical velocities were frequently observed to be comprised between 6 and 9 m s
.
2) ACROSS-DRYLINE MOISTURE VARIABILITY ON
BOARD THE NRL P-3
During IHOP_2002 CI missions, the NRL P-3 aircraft was dedicated to the documentation of along-and across-dryline thermodynamic characteristics using both remote sensing and in situ measurements. Remote sensing instruments included the airborne water vapor differential absorption lidar (DIAL), Lidar pour l'Etude des Interactions Aérosols Nuages Dynamique Rayonnement et du Cycle de l'Eau-lidar (LEANDRE 2, or L2; Bruneau et al. 2001) , and the airborne Electra Doppler radar/Analyse Stéréoscopique pour Radar à Impulsions Aéroporté (ELDORA/ASTRAIA). The NRL P-3 sampling strategy was as follows: the NRL P-3 flew long east-west survey legs in the region of Homestead (where the convection was forecasted to be initiated), in order to detect boundaries/drylines. Upon detecting the boundaries D1 and D2, the NRL P-3 flew elongated box patterns around boundary D1 (which was better defined than boundary D2 at the time of the survey), the longest dimension of the box being parallel to the dryline.
In this section, we examine the horizontal variability of the moisture field in the BL as observed by L2 on 22 May 2002 along one of the early east-west survey legs (shown in Fig. 1 ). Horizontal pointing DIAL measurements made in the framework of IHOP_2002 provided the first ever lidar observations of the horizontal structure of the water vapor field in the vicinity of drylines.
The two-dimensional horizontal structure of the water vapor field measured by L2 at 1.2 km above ground level (AGL) across the boundaries D1 and D2 between 2037 and 2056 is shown in Fig. 6a . A gap (approximately 25 km of a 125-km-long leg) is observed in the L2 data that results from an unfortunate L2 operator maneuver. The along-track resolution is 5 s, which translates to a spatial resolution of 0.7 km (assuming an average aircraft speed of 140 m s
Ϫ1
). As discussed in Bruneau et al. (2001) , L2 water vapor mixing ratio retrievals have a precision better than 0.5 g kg Ϫ1 within a 5-km distance from the aircraft and an along-beam resolution of 300 m. In the configuration for the 22 May operation, reliable retrievals of water vapor mixing ratio were obtained at distances ranging from 1.2 to 2.7 km from the aircraft; saturation of the lidar signal at close range and attenuation at far range limiting data quality (see details in Murphey et al. 2006) . Homestead was located just east of the eastern dryline (D1) at the time of the P-3 survey leg. Figure 6b shows a comparison of the water vapor mixing ratio measured in situ by the NRL P-3, and the range-averaged L2 data between 1.35 and 2.25 km from the aircraft. Excellent agreement is found between the two curves. Three distinct regions are identified from the water vapor mixing ratio evolution on the eastwest NRL P-3 transect. East of D1 (located around Ϫ100.8°E, i.e., east of Homestead at 2047), water vapor mixing ratios were between 8 and 10 g kg
. Between D1 and D2, the water vapor mixing ratios dropped to about 5-6 g kg
. The water vapor mixing ratio gradient across D2 was about 1 g kg Ϫ1 -a much weaker drop than that across D1 (3 g kg
). West of D2, water vapor mixing ratio values were generally less than 3 to 4 g kg
. Note that the water vapor mixing ratio values in region R2 (east of D1) were similar to that measured by in situ UWKA instruments almost 3 h later (2333-2339) while to the west of D1, the air mass was slightly drier (by about 0.5 g kg
) at the earlier time of the NRL P-3 passage. This may be partly due to the convective mixing process.
Remote sensing data at Homestead
Remote sensing data acquired at the IHOP_2002 Homestead profiling site on 22 May 2002 are shown in Figs. 7 and 8 . The figures show time-height data of wind speed and direction, water vapor mixing ratio, potential temperature, BL height, BL standard deviation, and vertical velocity profiles as the dryline advanced and retreated over the site. A brief summary of FIG. 5 . Water vapor mixing ratio (solid curve) and vertical velocity (dotted curve) data collected by in situ probes aboard the UWKA. A heavily smoothed plot of the vertical velocity data is also shown (thick gray curve). Values shown are for a single leg at 1.6 km AGL as UWKA flew from NNW to SSE across the field of cumulus clouds (its relative location is shown in Fig. 3 ). Approximate locations of D1, D2, R1, and R2 (refer to Fig. 2 ) are shown.
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the data and other details (averaging times, resolution, etc.) are given below. The FMCW data is presented in section 4.
(i) Horizontal wind. Figures 7a and 7b show GLOW measurements of horizontal wind speed and direction. The wind measurements plotted here are 10-min average profiles and have 100-m vertical resolution. The lidar wind measurement accuracy is range dependent. For the profiles shown, the error does not exceed 3 m s Ϫ1 and is considerably smaller at lower altitudes. The prevailing wind prior to 2200 was from the south-southwest (180°-220°) through most of the BL, while being more westerly at higher altitudes. The shift from southerly to southeasterly winds below 1 km AGL after about 2330 is consistent with surface observations discussed in sections 2b and 2c. Wind speeds below 0.5 km AGL were on the order of 15 m s
Ϫ1
. Wind speed increased with altitude, reaching 25-30 m s Ϫ1 by 2-3 km AGL. The data gap between 2200 and 2330 was a result of sector scan operation mode made at several elevation angles to ascertain variations in dryline-associated flows (not shown).
Hence, no GLOW data were available during the passage of the wedge-shaped region over Homestead. Nevertheless, GLOW data were important in understanding the mechanisms at play during the overpass of the convergence zone labeled R3 in the early hours of 23 May.
(ii) Water vapor mixing ratio. The water vapor mixing ratio measured by the SRL between ϳ2000 on May 22 and ϳ0300 on 23 May 2002 are shown in Fig. 7c . The SRL data were smoothed with a 3-min running window resulting in approximately 2-min temporal resolution as determined by Fourier spectral analysis. In addition, variable vertical smoothing was used to minimize errors due to daytime background light. The random error in the SRL mixing ratio data is 10% or less in the boundary layer during the daytime but increases rapidly above the boundary layer due to drier conditions. Under nighttime conditions, the random error is less than 2% in the boundary layer and reaches 10% at 6 km. The figure shows the development of the afternoon CBL and subsequent cloud formation (seen as white vertical stripes above 3 km, a
FIG. 6. (a) Water vapor mixing ratio (g kg
Ϫ1
) profile measured by the LEANDRE II on the NRL P-3 on an E-W flight leg about 3-4 km to the south of the IHOP_2002 profiling site (see result of complete attenuation of the laser beam), the brief intrusion of a drier air mass between 2140 and 2230 (associated with R1), the moistening that followed (associated with R2), and the sudden drying in the upper parts of the BL starting prior to sunset. (iii) Boundary layer height. The HARLIE-derived BL height (BLH; red curve) and the standard deviation of the BLH (black curve) for the same time are also plotted over the SRL water vapor image (Fig. 7c) . HARLIE (rotating in azimuth, 45°from zenith) offers the advantage of looking at the "spatial" variability of the BL structural parameters over a circular radius of several kilometers. For each scan (about 36 backscatter profiles per scan), the average BLH and the BLH standard deviation can be computed. The BLH is determined from the HARLIE aerosol backscatter measurements using a wavelet-based analysis method (see Davis et al. 2000) . Note that after sunset, the HARLIEderived BLH remained above 3.0 km MSL, thereby capturing the top of the residual layer and not the developing nocturnal BL, as is generally the case with backscatter lidars. A better approximation of the nocturnal BL (estimated from sounding and other datasets) follows the 5 g kg
(green contour line) water vapor contour (Fig. 7c ). (iv) Temperature. Time-height cross sections of AERIderived potential temperature data for 22 May 2002 are plotted in Fig. 7d . Although, the data were recorded at 10-min resolution, the large-scale variations in the temperature evolution correlate well with the 2-min SRL observations of water vapor mixing ratio (Fig. 7c) . Most notable are 1) the increase in temperature by about 2°throughout the entire BL in region R1 (ϳ2140-2230), which was associated with a drop in water vapor mixing ratio from 8-9 g kg Ϫ1 to about 6 g kg
, and 2) the cooler regions in the pre-2100 and post-2300 periods. These measurements confirm the earlier findings that the wedge-shaped air mass (R1) was drier and warmer over the Homestead site. were adequate to ascertain that updraft cores were observed throughout the BL (Fig. 8) . Updraft speeds of up to about 3.0 m s Ϫ1 were observed at the 1.5-km level around 2230, near the main dryline (D1), but the bulk of the vertical velocities were between Ϫ1.0 and 1.0 m s Ϫ1 , in agreement with in situ aircraft measurements. Note that these values may be biased down by 0.1-0.3 m s Ϫ1 overall due to influence attributed to insects and the relatively large sensing volume by the instrument (Angevine 1997) . Moreover, note also that instantaneous updraft vertical velocities of up to 8-9 m s Ϫ1 are reported for this case by Weiss et al. (2006) for smaller time-and space-sensed volumes using a different approximation technique, as discussed in section 2e(1) above.
Discussion
a. Moisture variability in the convective boundary layer
In Fig. 9a , an overlay of the SRL-measured water vapor mixing ratio field (shown in Fig. 7c ) on the FMCW-derived structure function profile is shown. The FMCW radar echo is expressed in terms of the logarithm of the structure function (Ince et al. 2003) , C 2 n , plotted at 2-s resolution. The SRL data (2-min temporal resolution) are interpolated to FMCW temporal resolution. The FMCW radar echo is expressed in terms of the logarithm of the structure function (Ince et al. 2003) , C 2 n , plotted at 2-s resolution. Most interesting in the FMCW data is the coherent backscatter from surface to the top of the CBL before 0030 illustrating plumes of enhanced structure-function values. These higher signal values are a result of an enhanced scattering by convective plumes of air as they rise to the top of the BL and are assumed to be primarily due to changes in temperature and moisture. The strong echo variations and the general trend of the echo tops reveal the convective plumes (before 0030) and the growth and demise of the afternoon BL, respectively. A detailed look at the structure function plot of these plumes reveals a variable width organization, wider at the base and narrowing with altitude with most of them reaching the 2-2.5-km level (see inset in Fig. 9a ). The width of the base (in minutes) and the distance between each of these plume structures was variable and better defined above 1.5 km. The duration in time of the plumes varied between about 2 and 9 min. Using a wind speed of about 15 m s
Ϫ1
, these translate to an inferred plume width of about 2-8 km, a wider range than that derived from multiple-Doppler radar data (Buban et al. 2003) .
After 0030, with the arrival of the wind convergence zone (labeled R3 in Fig. 2) , the convective plume structure ceased and an elevated enhanced reflectivity region emerged that correlated well in time with the elevated vertical velocity observed at this time (Fig. 8) , the moisture "bulge" (increase in depth) in the SRL data, and GLOW-based wind speed decrease and direction change boundary lines (overlaid).
A number of additional points can also be made by comparing the SRL and FMCW overlay: (i) Cumulus clouds were observed by SRL starting about 2130 and cloud-base height was on average about 3.4 km. For nearly all the lidar observations of cloud base, there were underlying enhanced echo plumes in the FMCW reaching as high as 2.5 km (see inset Fig. 9a) . A similar moisture enhancement was observed in the SRL water vapor mixing ratio profile data coincident with the FMCW plumes. (ii) A majority of the plumes from the FMCW corresponded, in time, to the plumes of moisture in the water vapor mixing ratio profiles from the SRL. This is particularly true for altitudes higher than about 1 km. This is remarkable given that these two different datasets were sampled at two different resolutions.
A direct outcome of Fig. 9a is the determination of the "in plume" versus "out-of-plume" moisture content. To accomplish this, the time of occurrence of the plumes using FMCW data was first determined and then the water vapor mixing ratio profile at that time was selected from the SRL data. Note, however, that this characterization is limited to the SRL temporal resolution. Fortunately, the FMCW shows that a lot of these cores are more than a couple of minutes in duration (with a majority of them 5-6 min wide) and thus characterization of their moisture can be done adequately using the SRL profiles. For example, the average water vapor mixing ratio calculated using the described method at a given altitude (2 km) for the updraft and downdraft cores was found to be 6.5 Ϯ 0.5 and 5.7 Ϯ 0.1 g kg Ϫ1 , respectively. This is similar to the variations observed between boundary layer roll updraft and downdraft regions (Weckwerth et al. 1996) . This difference was also observed below the 1-km level. To demonstrate that these plume structures extend the entire BL depth, we plot water vapor moisture directly under a cloud and mixing ratio profile in the cloud-free environment (Fig. 9c) . It shows the entire subcloud layer to be moister by up to 1.5 g kg
Another point to note in Fig. 9b is the temporal trend of water vapor mixing ratio at two levels in the CBL (1.0 and 2.5 km AGL). The mixing ratio values at 2.5 km increased with time until about 2145, remaining constant for about 1 h (2140-2230) before slightly de- creasing. At 1 km AGL, the pre-2140 trend was reversed and was followed by a period of relatively constant values (2140-2230). The post-2230 trend at 1 km AGL was marked by several oscillations and an increase of mixing ratio to an average of close to 9 g kg Ϫ1 .
Several processes are at play here. In the pre-2140 time period convection dominated, thereby mixing moisture upward and thus leading to an increase (decrease) of moisture at higher (lower) altitudes. In region R1, the upward moisture transport due to convection led to a constant mixing ratio value of 5-6 g kg Ϫ1 throughout the CBL. This, combined with observations of cumulus but not deep convection in this region, suggests adequate updraft was available for air parcels to reach the lifting condensation level (LCL) but not the level of free convection (LFC). Estimated levels for LCL (LFC) at Homestead around 2130-2330 varied considerably but were about 3.4 km (ϳ3.6 km). Later, east of D1 and after sunset, the trend (gradual decrease) at higher elevations can be attributed to absence of convection, and thus the lack of surface moisture transport from below. However, at 1 km (and lower), advection associated with the north-flowing cool, moist air mass dominated and led to increased moisture.
b. Wind convergence zone east of the main dryline
An interesting evolution of the wind direction and speed with altitude was observed between 2330 and 0100 (Figs. 7a,b) , 20-25 km to the east of the retreating dryline (D1). The depth of the southerly (ϳ170°-190°) air gradually increased to about 1 km while at the same time wind speed values decreased in an eastward-tilted vertical region of about 1.5 km in depth followed by an increased horizontal wind speed region. This zone of convergence was associated with the broad area of enhanced radar reflectivity at 0000 (outside the S-Pol refractivity range) in Fig. 2 (labeled R3) , and a cool air mass of potential temperature of less than about 305 K (Fig. 7d) as observed with AERI.
A plot of horizontal wind speed and water vapor mixing ratio in this convergence region is shown in Fig.  10 . A prominent feature of this wind convergence zone is the moisture bulge to its immediate east followed by a dip as evidenced by the 9 g kg Ϫ1 contour line (thick white dashed line). Moisture was lifted by about 0.7 km to form the bulge followed by a drop at about 0100. MAPR-derived data for this region show high values of vertical velocity (Ͼ1.5 m s
Ϫ1
) between 1 and 2 km AGL coinciding with the onset of the horizontal wind decrease and moisture bulge (ϳ0045). The subsidence region was associated with higher horizontal wind speeds and slightly negative (Ϫ0.5 m s Ϫ1 ) values of vertical velocity. This region was also associated with high variability in the lidar-derived BL height (seen in the BLH standard deviation), which may be caused by the overturning of air parcels, as can be caused by waves and/or turbulence. This observation of the horizontal wind decrease accompanied by an increase in vertical velocity and moisture uplift, followed by a core area of increased horizontal wind speed, is analogous with the structure of the "nose" of a density current, similar to what was reported by Atkins et al. (1998) . Unlike Atkins et al. (1998) , however, this convergence occurred well to the east of the main dryline (D1). Note also that although the BLH, its variability, vertical velocity, and water vapor mixing ratio were at or near peak values for the day during this period, no cloud development was observed.
c. Implication for convection initiation
Vigorous mixing during the daytime and large-scale ascent slightly west of the eastern dryline convergence zone were noted. Also noted were relatively larger CAPE and low CIN in the wedge-shaped region west of and adjacent to the main dryline, a necessary but not sufficient condition for convection initiation. This suggests that while the LCL was reached by the rising parcels of moist air (evidenced by the cumulus clouds) the LFC was not. Weiss et al. (2006) have identified a con- ; elliptical region), HARLIE-derived standard deviation of the BL top (thick black line), as well as an approximate outline of the 9 g kg Ϫ1 mixing ratio contour (white dotted line), are identified.
siderable tilt to the east in the dryline convergence zone above 1.5 km AGL, suggesting that the relatively drier air from the region bounded by the two drylines was overrunning the moist air to the east, similar to a density current. Hence, we believe that likely reasons for the lack of CI along the eastern dryline are strong capping inversion and moisture detrainment between the lifting condensation level and the level of free convection related to the overriding drier air (Ziegler and Rasmussen 1998) . In addition, the relatively small and homogenous BL moisture values (less than 10 g kg Ϫ1 ) in region R1, although an indication of efficient mixing of moisture, points to the lack of sufficient moisture supply for CI. Near sunset, the area 20-25 km east of the main dryline (D1) was also associated with a wind convergence zone leading to a bulge in the BLH. This lift was not associated with cloud development and occurred much later and east of the cumulus cloud observation region. In summary, neither the daytime convection near the main dryline nor the wind convergence east of the dryline lead to appreciable convection initiation in the area.
Summary and findings
Measurements made by an array of instruments during a dryline passage that occurred in western Oklahoma on 22 May 2002 during the International H 2 O Project are presented. The paper primarily presents analyses of the datasets collected by the ground-based lidar and radar profilers at the profiler site in the Oklahoma panhandle that we refer to here as Homestead. The analysis is complemented by data collected from conventional surface and upper-air observations as well as aircraft-based lidar and radar instrumentation. Findings are summarized below: 1) A wedge-shaped region of a well-mixed and cumulus-cloud-topped convective boundary layer bounded by sharp moisture gradients to its east and west edges separated a very warm, dry region to the west from a moist, cool region to the east. The east and west moisture convergence zones formed the double-dryline feature on the day leading to three different moisture and temperature regions with different boundary layer characteristics that advanced and retrograded over the sampling site. The wedgeshaped region was characterized by a well-mixed moisture profile throughout the BL (although the mixing ratio values were not as high; generally less than 10 g kg
Ϫ1
) and relatively higher CAPE (and low CIN) compared to the immediate west and eastern regions. Adequate lift was available to get parcels to the LCL but not the LFC. A strong westerly wind and an eastward-tilted boundary were observed near the dryline, leading us to speculate that strong capping inversion and moisture detrainment between the lifting condensation level and the level of free convection related to the overriding drier air were detrimental to CI in this case.
2) The lidar-observed afternoon boundary layer revealed a highly variable moisture organization at Homestead, starting with an average of about 8-9 g kg Ϫ1 water vapor mixing ratio in the lowest 1 km prior to 2130 and dropping abruptly to 6-7 g kg Ϫ1 and a well-mixed convective boundary layer between 2130 and 2230 and changing back once again to a more moist environment at low levels (up to 12 g kg Ϫ1 , later near sunset). These changes were related to the advancing and retrograding dryline on this day, and the moisture contrasts were mainly between the wedge-shaped air mass and the air east of the main (eastern) dryline convergence zone. The driest (westernmost) region did not move east far enough over Homestead to be sampled by the profiling instruments, but aircraft measurements revealed water vapor mixing ratio values of less than 4 g kg Ϫ1 at 1.6 km-equivalent to values recorded at altitude of 3.5 km AGL and above at Homestead. 3) Simultaneous analysis of the radar, profiler, surface time series, and lidar data revealed this wedge zone was populated by updraft plumes spanning up to 5-6 min (a width of up to 7 km as inferred for a 14-16 m s Ϫ1 wind speed) rising to cloud base, similar to the scales observed in the aircraft data. The in-plume moisture was greater by an average of about 1 g kg Ϫ1 or more over the surrounding air at 2-km height and through most of the lower boundary layer. Updraft speeds of 3 m s Ϫ1 and higher were associated with rising plumes near the main dryline convergence zone by both the ground-based profiler and the UWKA in situ probes, much lower than the instantaneous values of 8-9 m s Ϫ1 reported by Weiss et al. (2006) using pseudo-multiple-Doppler radar techniques in the same general area for the same dryline case, but for much shorter spatial scales. 4) The CBL spatial and temporal variability was well documented using a new scanning lidar technique that quantified the small-scale horizontal variability of BLH. The peak-to-peak variation of the standard deviation of the BLH within about a radius of 6-7 km around Homestead between 2130 and 0100 varied from a low of about 250 m to about 400 m while the BLH steadily increased to 3.6 km. The BLH standard deviation was a much better indicator of the variability (activity) of the CBL as well as other processes within the BL. For example, the standard deviation was at a minimum about an hour before sunset, indicating the cessation of convective processes and cloud dissipation.
Finally, most of the detailed measurements of drylines and our knowledge of conceptual models depend on measurements made during different portions of dryline lifetimes (see Parsons et al. 2000 for a discussion). We believe that observational data and studies of the dryline over several diurnal cycles are important for validation of conceptual models and highresolution numerical simulations. This study provides insight into the moisture, wind, and temperature evolution of a dryline case during late afternoon and early evening. The presentation here uses only a small subset of the many available data from many instruments for this case study. Several mobile radars and an armada of mobile-mesonet instrumentation were also deployed on this day, a subject of a paper in this volume (Weiss et al. 2006 ) and many others planned. A clearer picture of the dryline on 22 May 2002 will only emerge after coalition of the many different datasets and models, which include investigating the effect of differential heating coming from differences in vegetation cover, available water at the surface for evaporation, and convective roll development in the dry air. Analysis of all these observations and numerical model runs may lead to definitive answers on why convection did not develop on this day and will enhance our knowledge of dryline evolution. This study adds to that effort by documenting and discussing the remote sensing observations made by a unique set of collocated lidar and radar instruments.
